INTRODUCTION
Studies of evolution in a heterogeneous environment usually deal with different aspects of a reaction norm, a set of phenotypes produced by a genotype and the organism's ability to accurately assess environmental variation (Levins, 1968) ; and (2) on biological constraints preventing or imposing too high a cost to plasticity (Bradshaw, 1965) . Reaction norm experiments test the genotype plasticity in response to a single factor, a combination of factors or across natural environments. The use of either experimentally manipulated or natural environmental conditions has both advantages and drawbacks. The advantage of a single or a few factor reaction norm experiment comes from its analytical power and ability to classify environmental factors by their importance for genotype survival. However, any given natural environment is a combination of biotic and abiotic effects and selects for genotypes adapted not to a single or several factors but to the whole set of factors, including their direct and indirect interactions. Therefore, the adaptive significance of plasticity should ultimately be tested by examining a genotype in a series of natural environments including its indigenous one. However, for the question of whether plants from different population environments differ in amount and direction of plasticity in specific traits as well as over all traits, experimentally manipulated conditions are more appropriate.
In this paper, we compare phenotypic plasticity in four populations of Hordeum spontaneum in response to experimentally induced environmental stresses. A stressed environment may reveal functional tradeoffs and evolutionary trends that otherwise are concealed under favourable conditions (Pigliucci et al., 1995) . We used two stress-inducing factors, water and nutrients, as well as their combination against an 'optimal' control. The assessment of phenotypic plasticity was carried out in two ways: (1) in response to a single factor (either water or nutrients while the second factor was optimal), i.e. in ordered treatments; and (2) to a set of unordered treatments, i.e. without a priori ranking of the conditions. As Pigliucci et al. (1995) states, plastic response to unordered vs. ordered environments may have more biological sense, as the former may better reflect the complexity of abiotic constrains on phenotypic evolution than the latter.
A study of populations of the same species distributed along clear environmental gradients, e.g. amount of annual rainfall, is potentially a powerful tool to identify environmentally induced effects of natural selection and resulting plant strategies. Wild barley is native to a wide range of environments in Israel, including extremes such as deserts and mountains. Recently, we reported of locally adapted ecotypes that differ in life history and phenotypic traits (Volis, 2001 ). The present study investigates the role of plasticity as part of plant strategies in response to water and nutrient stress and their combined effect.
MATERIAL AND METHODS

STUDIED SPECIES AND CHOICE OF POPULATIONS
Wild barley, Hordeum spontaneum Koch, is a winter annual, predominately selfing grass (Harlan & Zohary, 1966) . In Israel, despite its mainly Mediterranean and Irano-Turanian distribution in steppe-like formations, wild barley penetrates into desert (<200 mm annual rainfall) and mountain (up to 1600 m elevation) environments where it has stable populations. The populations selected here represent four environments in order of increasing rainfall: desert (Sede Boqer, hereafter SB), batha (Beit Guvrin, BG), grassland (Ammiad, AM) and mountain (Mount Hermon, MH) with 90, 400, 600 and 1600 mm of rainfall per annum, respectively. In addition, in desert and mountain localities plants are exposed to contrasting stresses (drought and frosts).
EXPERIMENTAL DESIGN
Fifteen mother plants from each population (referred here as 'ecotype') were planted under uniform conditions in a greenhouse and their offspring used in this experiment. The offspring of each mother plant can be considered genetically identical as wild barley is predominantly autogamous (98% or more; Nevo et al., 1979) and can be considered as a single genotype. Between 10 and 15 seeds from each mother plant were sown in Petri dishes. After emergence, they were transplanted into plastic trays and at the twoleaf stage (at 2 weeks) four randomly chosen seedlings/mother plant were transferred to 10-litre pots containing terra rossa soil with a single plant/pot. Each of the four plants per genotype per ecotype was subjected to one of four treatments, comprising a total of 240 plants.
The experiment was carried out in the Ecological Growth Facility at the Institute for Desert Research at the Sede Boker Campus, in the Negev Desert of Israel. The facility allowed close simulation of natural growing conditions by staying open at all times with the exception of nights, during rainfall, or when the temperature fell below 5°C. The terra rossa soil was leached prior to the experiment and its organic nitrogen content was only 1.02 ± 0.17 mg·kg -1 , which can be considered to be nitrogen deficient.
The four treatments were:
(1) High level of water and nutrients (HH): amount of water equivalent to 500 mm of rainfall during the growing season applied as 1. After the appearance of reproductive tillers, the first three reproductive tillers of each plant were tagged with coloured tags representing the first, second and third tiller in order of awn appearance and the following traits were measured: days to awn appearance, days to anthesis, tiller height, number of nodes per tiller, flag leaf length and width, penultimate leaf length and width, awn length, spike length, number of spikelets per spike. At senescence, we measured the number of spikes per plant, yield (total number of spikelets produced) per plant, reproductive biomass, spikelet weight, root biomass, ratio of root to vegetative shoot biomass, reproductive effort (ratio of biomass of fertile spikelets to the total biomass), percentage of fertile spikelets to the total number of fertile and aborted spikelets. The characters were categorized into the four classes: phenology, reproductive, fitness and resource allocation (Table 1) .
DATA ANALYSIS
Two types of statistical analyses were used: analysis of variance and canonical discriminant analysis. A repeated measures analysis of variance with one grouping factor (populations) and one within-group factor with unordered levels (treatments) was performed to assess univariate environmental, genetic and interaction effects. A genotype was not replicated. This analysis was the most appropriate to test the overall treatment effects (phenotypic plasticity), population effects (genetic variation for population trait means across treatments) and treatment ¥ population interactions (genetic variation for plasticity). In this analysis, phenotypic plasticity was estimated in response to all four unordered treatments (HH, HL, LH and LL) without a priori ranking of the treatments. However, in this model, we could not estimate the population responses to a single factor (either water or nutrients). This can be done only by considering the genotypes within each population as replicates in a three-way analysis of variance. The population origin and treatments (water and nutrients) were considered as fixed effects. The data (except ratios) required no transformation to satisfy the assumptions of the analysis (homogeneity of variance and normality). The ratios were arcsin ÷¯¯transformed. A canonical discriminant analysis was used to estimate the overall plastic response of ecotypes (populations) to water, nutrient and water ¥ nutrient stress. We used discriminant analysis because in this technique new variables are created to maximize the variation between groups relative to the variation within groups. A key assumption of discriminant analysis is homogeneity of within-group variance-covariance matrices (Williams, 1983) . However, even in cases when this requirement is not met, the results of discriminant analysis can be used as descriptive and exploratory, without estimation of the significance of group differences (McGarigal et al., 2000) . A few studies of phenotypic plasticity have successfully used canonical discriminant analysis in this manner (Blais & Lechowicz, 1989; Gurevitch, 1992; Zhang & Lechowicz, 1994; Pigliucci et al., 1995; Zhang, 1995) . As adaptation to different stresses by plants of different origins may be achieved by differential trait and trait complex plasticity, the estimation of overall plasticity in this study was carried out separately for the three trait categories: reproductive, fitness and allocation (phenology was found to possess no interpopulation genetic variation for plasticity). This was carried out by: (1) calculating the Mahalanobis distances between population centroids at two different levels of the same factor; and (2) visual representation of the distances between population centroids in a canonical variable plot where the axes are the first two canonical variables, and the points are the canonical variable scores. The second method allows comparison of not only the amount of ecotype plasticity but also the direction of plasticity in different populations. In addition, the canonical scores of populations and treatments were calculated separately and plotted against the first and second canonical axes to determine the discrimination in the two main effects.
The relative contribution of different traits to segregation of ecotypes under each of four experimental conditions was tested by stepwise discriminant analysis with automatic forward stepping. In this analysis, the variables for which the group means are the most different are identified and entered in a model step by step. The limit for F-to-enter, which corresponds to the F for one-way analysis of covariance where the covariates are the variables already included, was 4.0. The stepping stopped when no variable had an F-to-enter above this limit. All the data analyses were done using SYSTAT version 7.0 (Systat, 1997) .
RESULTS
REACTION NORMS AND PLASTICITY OF TRAITS
A repeated measures analysis of variance showed high phenotypic plasticity in all the traits (except number of nodes) in response to the four unordered treatments ( Table 1 ). The population means across the four treatments were significantly different (i.e. there was significant genetic variation among populations) in all traits except awn length and reproductive biomass. A significant population * treatment interaction, which indicates interpopulation genetic variation for plasticity, was found in 13 out of 19 traits: all fitness and allocation traits, 6 of 10 reproductive traits, but no phenological trait. No interpopulation variation for plasticity was detected in the phenological traits days to awn appearance and days to anthesis.
Three-way analysis of variance detected higher plasticity in all traits (except number of nodes) in response to water stress when compared to nutrient stress (Table 2) . Only the number of nodes was unaffected by water stress, although 9 of 19 traits were not affected by nutrient stress (G-test, 8.6; P < 0.01). The combined effect of water and nutrient stress had a significant impact only on number of spikes, yield and abortion rate. There was significant interpopulation genetic variation for plasticity in a response to water stress in three reproductive traits (penultimate leaf length, flag leaf width and spikelets per spike), two fitness traits (yield and reproductive biomass) and all three allocation traits. However, in response to nutrient stress, no significant population * treatment interaction was found in any allocation traits, although significant interactions were found in all three fitness traits and in four reproductive traits (tiller height, number of spikes, flag and penultimate leaf length).
The population (ecotype) across-treatment reaction norms (Fig. 1) show the following patterns of plasticity in the four trait categories:
(1) Phenology. Plasticity is low and does not differ among ecotypes. Water stress causes a delay in the onset of reproduction in all populations but a combination of water and nutrient stresses caused delay in MH plants only; (2) Reproductive traits. The differences in plasticity among ecotypes were not very pronounced. The least affected were the desert (Sede Boqer) plants for leaf length and mountain (MH) plants for number of spikes; (3) Fitness. Ecotypes differed in amount of plasticity but the patterns of plasticity in fitness traits were similar in most traits, with a few exceptions. The plants from the two southern populations (Sede Boqer and Beit Guvrin) (but not Ammiad and Mount Hermon) responded to high water low nutrients (HL) by decreasing yield and reproductive biomass, and only AM plants among the four ecotypes increased spikelet weight in response to low water low nutrients (LL); (4) 
PATTERNS OF OVERALL ECOTYPE PLASTICITY
Water stress
In response to water stress (LH vs. HH treatment) the four ecotypes' plasticity in reproductive traits were similar in both amount (distance between centroids) and pattern (direction of change from HH to LH) (Figs 2 and 3) . The SB and BG plants were the most plastic in fitness traits; however, the plastic response of the SB ecotype was different from the other three ecotypes. In resource allocation traits, MH plants exhibited the highest plasticity and the allocation pattern differed in MH, AM vs. SB, BG ecotypes.
Nutrient stress
In both reproductive and fitness trait classes, BG and AM plants had distinctly higher plasticity than SB and MH plants. For resource allocation, the ranking of ecotype plasticity was: SB < BG < AM < MH.
Water ¥ nutrient stress
The amount and patterns of ecotype plasticities were similar to those under conditions of water stress alone (Figs 2 and 3 ). populations (Fig. 4) show a consistent pattern in reproductive, fitness and allocation traits, and over all traits. Namely: (i) water stress causes a strong plastic response in wild barley plants; (ii) plant response to the combined water ¥ nutrient stress is very similar to the effect of water stress alone; and (iii) nutrient stress when applied alone causes smaller and distinct plastic response as compared to water stress.
DISCRIMINATION OF ECOTYPES ACROSS TREATMENTS
The four ecotypes were discriminated across the four experimental environmental conditions in a manner that was consistent among reproductive, fitness and allocation traits, as well as in all traits together (Fig. 4) . The position of SB, BG and AM ecotypes was almost a linear, with SB and AM at opposite extremes and BG in between. The MH ecotype was distant from the other three populations. This trend was the most apparent on a plot where group scores were estimated using all 19 traits (Fig. 4) . The high number of traits contributing to discrimination of ecotypes under favourable conditions (seven) decreased under conditions of stress (four for high water low nutrients and low water low nutrients and two for low water high nutrients) (Table 3) . Most contributing traits were the same under favourable and stressed conditions except for root biomass and spikelets per spike where ecotypes were discriminated only under HL and awn length and yield where ecotypes were discriminated only under LL. The traits discriminating ecotypes under different conditions are those showing high interpopulation genetic variation, but with a wide range of plasticity from non-plastic (days to awn appearance) to relatively highly plastic (tiller hight and spikelet weight).
DISCUSSION
A set of unordered experimental stress treatments induced a significant plastic response in 18 of 19 analysed traits in barley plants. The traits (all except two) exhibited genetic variation among populations and showed a different interpopulation pattern of plasticity across treatments in most reproductive and all fitness and allocation traits (but not in phenological traits). These two sources of genetic variation among four populations can not be ascribed to random genetic processes because the ecotypes were found to be locally adapted (Volis, 2001) . As the main abiotic determinants of the four population environments are known, their role in creating ecotype-specific trait complexes and trait plasticity can be identified. The ecotypes, originating in desert (SB), batha (BG), grassland (AM) and mountain (MH) represent a gradient of increasing environmental productivity and predictability (increasing amount and decreasing variation in interannual rainfall). However, in the mountains, the main stress factor is winter frost, which may override other effects in certain aspects of plant biology.
The ecotypes exhibited a strong and significant trend for delay in the onset of reproduction and increase in root/shoot biomass with increasing productivity of their environments, which was treatment independent. The same was true for root biomass, but only under high water high nutrients and high water low nutrients treatments.
A strong pattern of consistent differences was found among SB, BG and AM plants when they were considered alone (in all these cases, MH plants had inter-mediate values). There was an increase in the number of nodes, tiller height, spike length and spikelet weight, and a decrease in the number of spikelets per spike and yield with increasing environmental productivity-predictability. When plotted in a multivariate space defined by the two first canonical axes, the SB, BG and AM ecotypes were arranged according to their position along the gradient of environmental productivity-predictability; the MH ecotype was apart and most distant from the SB ecotype.
The ecotypes did not differ in plasticity in both phenological and about half the reproductive traits, but differed significantly in all fitness and allocation traits. The overall population plasticities were similar under water stress for reproductive and fitness traits, but not for resource allocation. The direction of overall response in allocation was different for AM and SB plants, with BG intermediate. AM plants did not change their reproductive effort, but invested more into roots than to shoots and increased abortion rate. SB plants, in contrast, decreased reproductive effort but did not change root/shoot ratio. The response of BG was almost identical to that of SB in reproductive effort and of AM in root/shoot biomass.
Under nutrient stress, AM and BG plants had higher overall plasticity than SB and MH plants for reproductive and fitness traits, and were more plastic than SB plants in resource allocation. The nutrient stress induced in AM plants increased spikelet weight, reproductive biomass and reproductive effort and decreased abortion rate. However, the response of BG plants was different; there was a decrease in yield, reproductive biomass and reproductive effort under nutrient stress.
MH plants were the most plastic in resource allocation under both water and nutrient stress, but exhibited low plasticity in other trait classes. The MH ecotype responded to water stress by decreasing, and to nutrient stress by increasing, the absolute root biomass and increased root/shoot ratio in both cases.
Despite different patterns of ecotype plasticity in particular traits, there was no difference between ecotypes in patterns of plasticity over all traits and for all trait classes, viz. reproductive, fitness and allocation. In a methodologically similar study, Zhang & Lechowicz (1994) compared plastic responses of Arabidopsis thaliana populations to nutrient stress. The amount of overall plasticity differed among populations but the pattern of plasticity remained similar. They concluded that a shared pattern of plastic adjustments reflects coordinate changes in the magnitude of linked traits, thereby maintaining the stability of their functional relationship. Our results suggest that this is true only for highly interrelated traits (i.e. length and width parameters of leaves). The pattern of overall plasticity (over all traits or for trait classes) conceals rather than reveals the mechanism of plastic response that may vary across environments. When population environments are similar, differences only in amount of plasticity are observed (Schlichting & Levin, 1986 , 1990 . However, when environments differ sharply different patterns of plasticity evolve (Macdonald & Chinnappa, 1989) .
The response of plants to water and nutrient stress in all ecotypes in this study followed a sequence in yield component plasticity, described by Harper et al. (1970) , namely spike number, spikelets per spike and then spikelet weight. However, the resulting yield was also a function of abortion rate which was nonplastic in SB and plastic in the other three ecotypes. Productivity and predictability of environment appear to determine whether abortion is involved in response to stress or not. In deserts, where amount and distribution of rainy events is highly unpredictable and probability of stress is very high, abortion of already developed reproductive organs can be too costly. Therefore, a less risky and more conservative resource allocation strategy with respect to abortion rate appears to have evolved in annuals from environments with both low productivity and low predictability.
The different plastic responses of the four ecotypes to water and nutrient stress may also reflect the roles of these stresses as limiting factors in different environments. Water stress caused a greater plastic response in SB and BG than in AM and MH ecotypes, whereas for nutrient stress, plasticity was higher in the BG and AM ecotypes than SB and MH. Often water is the main limiting factor in deserts, while nutrients (for instance, nitrogen) are less limiting. We found (unpubl. observ.) that, on average, the soil nitrogen content of SB was higher than in the more productive (with respect to available water) BG locality. This may be because, in the Negev desert, most of vegetation is localized in wadis (ephemeral river valleys) that accumulate water and nutrients from runoff and where most animal droppings occur. However, nutrients may be a limiting factor in more productive environments because competition may cause their quick depletion. As a result, efficient and rapid uptake of available nutrients may be part of plant strategy in productive areas (Grime et al., 1986) . In contrast to the widely held view that the onset of reproduction in desert, and sometimes in mesic, annuals is stimulated by drought (Went, 1948 (Went, , 1949 Rathcke & Lacey, 1985; Lacey, 1986) , our results suggest the opposite. Water stress significantly delayed onset of reproduction, a pattern found for other annuals from arid environments (Mott & McComb, 1975; Fox, 1990; van Rooyen et al., 1991; Steyn et al., 1996) . There was no difference in delaying response among plants of different origin, suggesting a similar mechanism for switch from vegetative to reproductive stage and similar phenotypic plasticity for this transition for the four ecotypes.
Our findings are not consistent with the hypothesis that plants originating in environments with greater variation and unpredictability are more plastic (Schlichting, 1986; Bell et al., 1993) . Contrary to prediction, the desert ecotype showed the lowest plasticity in all trait categories in response to nutrient stress and did not have the highest plasticity under water stress. No ecotype was superior in degree of plasticity under both water and nutrient stresses and in all trait categories. The importance of plasticity in response to water and nutrient stress appears to decrease and increase, respectively, along the increasing rainfall gradient for the three ecotypes that do not experience frost stress (SB, BG and AM).
In summary, the SB desert ecotype appears to be the most specialized with reduced plasticity for resource allocation. It starts reproduction earlier than the other ecotypes, matures earlier, has the highest shoot/root biomass and produces the largest number of, but the smallest seeds. In contrast, the AM ecotype, originating in Mediterranean grassland that is a favourable and predictable environment, is highly plastic for fitness and allocation traits in response to reduced nutrient availability which may occur due to competition in the productive environment. High morphological plasticity as part of a foraging mechanism was predicted by Grime et al. (1986) for plants of productive habitats, corresponding to the 'competitive strategy' of the triangular ordination model (Grime, 1974) . The AM ecotype exhibited increased root/shoot ratio in response to water, nutrient and water * nutrient stress, a pattern not observed in either SB or BG plants. The AM plants were the tallest, producing the largest but fewest seeds. The BG ecotype from the semisteppe batha, an environment intermediate between SB and AM in productivity and predictability, was very plastic in response to both water and nutrient stress. This may indicate that either water or nutrients can be limiting during plant growth due to plant competition and irregular supply of water and nutrients. The BG plants are intermediate between SB and AM for initiation of reproduction, plant size, yield (total number of spikelets) and spikelet weight. The mountain MH ecotype, which was found in reciprocal tests (Volis, 2001 ) to be a locally adapted specialist, exhibited a highly plastic response to water stress in root allocation. A similar case was described in Agrostis stolonifera (Bradshaw & Hardwick, 1989) where distinct dwarf ecotypes occur in response to wind and a plastic pattern of root growth occurred in response to nutrient stress. The explanation of Bradshaw & Hardwick was that the same plant can evolve both specialized response(s) to distinct permanent stress(s), as well as a plastic phenotype to cope with specially or temporally variable stresses. The MH plants start reproduction later, have larger roots and a higher root/shoot ratio than other ecotypes. Withstanding winter frosts requires physiological adaptation, as seeds germinate and become seedlings or young plants before the frosts start. Intensive development of the root system may serve both purposes, namely to be a part of a frost-tolerant mechanism and to evolve competitive superiority for nutrients and water.
